Introduction
The rice crop has great social, economic and cultural importance, with around 741 million tonnes being produced worldwide (FAO, 2016) . China is the largest producer (208 million tons), followed by India (157 million tons) and Indonesia (70 million tons). Brazil is among the 10 largest producers, with production of 11.8 million tons in an area of 1.9 million hectares (CONAB, 2018) .
Despite the prominent position worldwide in the rice crop, especially as result of the use of cultivars with high yield potential and the investment in technology, the level of productivity considered ideal for cultivation has not yet been reached. This is in part due to unsatisfactory weed control, especially red rice, the main weed affecting the crop (Agostinetto et al., 2001) .
According to Dai et al. (2017) , red rice presents faster emergence, higher production of adventitious (secondary) roots, and greater fresh mass compared to cultivated rice. The same authors also report that red rice has higher photosynthetic pigment content, net photosynthesis rate, stomatal conductance, intercellular CO2 concentration, transpiration rate, and kinetic parameters of chlorophyll fluorescence, with highest photosynthetic activity by the joint action of a larger antenna, more active reaction centers, and greater quantum yield for electron transfer; characteristics that aid the competitive ability of the weed against rice. However, it is known that the response to the interference with the crop goes beyond intrinsic characteristics of the plants, it also varies according to other factors such as nutritional management, especially of nitrogen.
When competition for nitrogen is established between the crop and the red rice, this reduces the nutrient availability for the first, which causes stress. A study showed that as soil nitrogen levels decrease, plants of the rice cultivar IR64 in competition with red rice biotypes from Malaysia, the Philippines, and Vietnam, reduce their leaf area and shoot dry matter (Chauhan & Johnson, 2011) . Notwithstanding, despite the possibility of verifying such responses through growth variables, the consequences of competition on plant physiology and the interaction with nitrogen fertilization have not yet been elucidated.
Understanding the influence of nitrogen fertilization under the physiological behavior of rice and red rice in competition is fundamental for the adequate choice of weed control strategies, and the nutritional management of the crop. Therefore, the objective of this work was to evaluate the physiological effects of the competition of rice and red rice submitted to different nitrogen concentrations.
Material and methods
The experiments were carried out under greenhouse conditions, in the 2011/12 crop year. The experimental units consisted of plastic pots with a volumetric capacity of four liters (height: 16 cm; upper diameter: 21 cm; bottom diameter: 17 cm; not perforated in the base), filled with samples of Red-Yellow Argisol, with sandy loam texture (pH in water = 5.7; O.M. = 17 g dm -3 ; P = 22.6 mg dm -3 ; K = 112 mg dm-3 ; Ca = 3.1 cmolc dm -3 ; Mg = 1.1 cmolc dm -3 ; H + Al = = 2.8 cmolc dm -3 ; CEC (cation-exchange capacity) = = 7.1; Al = 0.1 cmolc dm -3 ; base saturation = 61%; and aluminum saturation = 2.0%). The experiments were carried out in a completely randomized experimental design, with six replicates, using seeds of the rice cultivar IRGA 424. Red rice seeds were obtained from plants of a rice farm in the municipality of Rio Grande, in the southern region of the state of Rio Grande do Sul.
Firstly, a preliminary experiment with rice and red rice in monoculture was carried out to determine the population of plants m -2 from which the shoot dry matter (SDM) per unit area (g m -2 ) becomes independent of the population, according to the "constant yield law" (Radosevich et al., 2007) . The tested populations were 4, 8, 16, 32, 64, and 128 plants per pot (equivalent to 143; 286; 571; 1,143; 2,286; and 4,571 plants m -2 ).
The variable SDM was quantified at 45, 60, and 75 days after emergence (DAE) by weighing the shoots of plants after drying in a greenhouse with forced air circulation at 60 °C for 96 hours. For data analysis, the reciprocal production was used to determine the population of plants where SDM became constant. Final yield was obtained with a mean population of 32 plants per pot, equivalent to 1,143 plants m -2 ; and the time defined for the collection of plants was at 60 DAE (data not shown).
The second experiment was set up in a factorial scheme, where factor A was composed of different combinations of the rice cultivar IRGA 424 and the red rice biotype, varying the ratios between them [intraspecific competition (100:0), and interspecific competition (50:50)]; and factor B was composed of nitrogen doses added to the soil (0, 30, 60, 90, and 120 g dm -3 ) in the form of urea, incorporated with water one day after application from the flooding of the experimental units, thus with no nutrient losses.
Nitrogen application was divided into two equal parts, one performed on dry soil at 15 days after emergence (DAE), at the beginning of tillering, and another at 53 DAE. At sowing, fertilization was performed at 25 and 20 g dm -3 equivalent of P2O5 and K2O, respectively, in the form of triple superphosphate and potassium chloride incorporated into the soil.
At 60 DAE, evaluations were performed in the last fully expanded leaf, in the middle third of the stem, between 8 and 10 o'clock in the morning, using the portable meter IRGA, brand LI-COR, model LI-6400. At that time, the stomatal conductance of water vapor (Gs -mol H2O m -2 s -1 ) and the photosynthetic rate (A -μmol CO2 m -2 s -1 ) were determined. Subsequently, the leaves of the rice or red rice plants from each experimental unit were collected separately and stored at -80 °C until the moment of quantification of the other variables that will be described next.
Cell/tissue damage was determined from the hydrogen peroxide (H2O2) content, as described by Alexieva et al. (2001) , and thiobarbituric acid reactive species (TBARS) damage determined via malonic aldehyde (MDA) concentration, as described by Health & Packer (1968) . To carry out these analyses, 0.2 g of leaves were macerated with liquid nitrogen, homogenized in 2 mL of 0.1% trichloroacetic acid (m/v), and centrifuged at 14,000 rpm for 20 min. For the quantification of H2O2, 0.2 mL aliquots of the supernatant were added in 0.8 mL of 10 mM phosphate buffer (pH 7.0) and 1 mL of 1 M potassium iodide. The solution was allowed to stand for 10 min at room temperature, with the absorbance being read at 390 nm. The H2O2 concentration was determined using the standard curve and expressed in milimol per gram of fresh weight (mM g -1 FW).
To determine TBARS, 0.5 mL aliquots of the supernatant, as described above, were added to 1.5 mL of 0.5% (m/v) thiobarbituric acid (TBA) and 10% (w/v) trichloroacetic acid, and incubated at 90 °C for 20 min. The reaction was stopped in an ice bath for 10 min. The absorbance was read at 532 nm, subtracting the non-specific absorbance at 600 nm. The MDA concentration was calculated using the absorbance coefficient of 155 mM cm -1 , the results being expressed in nM MDA g -1 FW.
The data were analyzed for their normality (Shapiro Wilk test) and later submitted to analysis of variance (p≤0.05). In the case of statistical significance for the factor competitors, the data were compared by the mean confidence interval, whereas for the factor nitrogen dose, a polynomial regression study was performed (p≤0.05).
Results and discussion
There was interaction of the factors ratio of competing plants and nitrogen doses, in rice and red rice, for all evaluated variables (Figure 1 and 2) . The data obtained for the variables were adjusted to a quadratic equation, and the values of the coefficient of determination (R 2 ) ranged from 0.75 to 0.98, showing satisfactory adjustment of the data to the model. It is believed that the greater development of red rice at higher doses decreases the interception of light by the crop, caused by greater shading. This limitation caused a stress condition in rice, resulting in decreased stomatal conductance and, consequently, lower photosynthetic activity.
From the equations, it was verified that the rice and red rice plants presented increased stomatal conductance and photosynthetic rate when submitted to increasing nitrogen doses (Figure 1 and 2) . For stomatal conductance, the maximum points for rice and red rice in interspecific competition were 104.7 and 102.8 g dm -3 N, corresponding to 0.71 and 0.95 mol H2O m -2 s -1 of the variable, respectively, while in the evaluation of intraspecific competition of the plants, the estimated values were higher than the maximum dose tested in the study.
For the photosynthetic rate, the maximum point for rice plants under intraspecific and interspecific competition were obtained at the doses of 112.6 and 100.6 g dm -3 N, providing 15.4 and 12.8 μmol CO2 m -2 s -1 of the variable, respectively (Figure 1 ). For red rice in intraspecific and interspecific competition, the doses that reached the maximum point were 95.1 and 101.4 g dm -3 , indicating a photosynthetic rate of 12.7 and 16.3 μmol CO2 m -2 s -1 , respectively (Figure 2) .
The increase in the physiological variables as a function of the increase in nutrient doses is probably due to the positive correlation between plant nitrogen content and chlorophyll biosynthesis, in addition to the rubisco enzyme activity and ATP synthase, as well as the chloroplast size and thylakoid content (Laza et al., 1993; Schadchina & Dmitrieva, 1995; Redillas et al., 2011) . On the other hand, nutrient deficiency leads to decreased CO2 assimilation capacity, photosynthetic rate, stomatal conductance, and quantum yield of photosystem II in rice plants (Kumagai et al., 2009) .
For the variables that evaluate oxidative stress, it was observed that rice plants submitted to interspecific competition, and red rice in intraspecific competition presented higher values of H2O2 at the dose of 30 g dm -3 N (Figure 1 and 2) . It is hypothesized that due to the limitation of nitrogen in the experimental unit, it was established a condition of intense dispute for the nutrient in the aforementioned associations of plants, unbalancing the formation of reactive oxygen species in the plants and, consequently, increasing H2O2. The present results corroborate with those found by Afifi and Swanton (2012) , who observed an accumulation in H2O2 content under competition.
H2O2 can inhibit the synthesis of proteins of photosystem II (Takahashi & Murata, 2008) , present negative correlation with the activity of the rubisco enzyme (Zhou et al., 2007) , and cause damage to lipids and other components such as nucleic acids, essential for cell activity and integrity, suggesting that such events are also activated during competition.
It was also verified that rice and red rice plants presented a decrease of the H2O2 content when submitted to the increasing nitrogen doses. For rice in intraspecific competition, a minimum point of 98.8 g dm -3 N was observed, which corresponds to 0.29 mM g -1 of the variable, whereas for interspecific competition it was not possible to characterize the minimum point for the crop, since the estimated doses are higher than the doses used in the study (Figure 1) . Regarding the weed, in intraspecific and interspecific competition, we observed a minimum point of 111.9 and 107.6 g dm -3 N, representing 0.38 and 0.31 mM g -1 of the variable, respectively (Figure 2) .
These results are probably related to the decrease of the CO2 assimilation capacity induced by nutrient deficiency, which restricts the consumption of ATP and NADPH, resulting in the production of reactive oxygen species such as H2O2 (Skillman & Osmond, 1998) . This study confirms the results obtained in this research, demonstrating that nitrogen deficiency can increase H2O2 in rice leaves, indicating oxidative stress (Kumagai et al., 2009; Lin et al., 2011) .
In the evaluation of lipid peroxidation, it was observed that the rice plants submitted to competition with red rice had higher MDA values at the doses of 30 and 60 g dm -3 N compared to intraspecific competition (Figure 1) . Moreover, it was verified that the weed under monoculture also showed higher peroxidation at the doses of 60 and 90 g/dm 3 N in relation to interspecific competition (Figure 2) .
MDA is the product of lipid peroxidation, consequently, the higher content of this compound indicates oxidative stress (Liu et al., 2009) . Thus, it is hypothesized that competition for nitrogen may induce the production of free radicals that oxidize the phospholipid components of cell membranes, leading to an increase in the contents of the variable. Recently, a study has also demonstrated the competition capacity to cause oxidative stress, with an increase in the MDA content being detected in soybean plants competing with susceptible and glyphosate-resistant ryegrass (Agostinetto et al., 2016) . Based on the equations, it was verified that rice and red rice plants presented a reduction in the MDA content when submitted to increasing nitrogen doses, reaching for the crop in intraspecific competition, a minimum point of 91.2 g dm -3 N, which corresponds to 5.9 nM MDA g -1 FW of the variable; for interspecific competition, it was not possible to identify the minimum point, since the estimated doses are higher than the maximum dose in the study (Figure 1 ). On the other hand, for the weed in intraspecific and interspecific competition, the minimum points were obtained at the doses of 94.7 and 87.6 g dm -3 N, indicating 7.1 and 5.1 nM MDA g -1 FW of the variable, respectively (Figure 2 ).
Conclusions
In the rice crop, when compared to intraspecific competition, interspecific competition causes greater oxidative stress and negatively interferes with photosynthesis even when the plants are submitted to high nitrogen doses (90 and 120 g dm -3 N).
For red rice, it is the intraspecific competition that causes greater oxidative stress and loss of photosynthesis in plants under lower (0 g dm -3 N) and higher (90 and 120 g dm -3 N) nitrogen concentrations, respectively, in relation to interspecific competition.
